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ABSTRACT 
A low-energy, compact and superconducting electron beam ion trap (the Shanghai-Wuhan 
EBIT or SW-EBIT) for extraction of highly charged ions is presented. The magnetic field in the 
central drift tube of the SW-EBIT is approximately 0.21 T produced by a pair of high-temperature 
superconducting coils. The electron-beam energy of the SW-EBIT is in the range of 30–4000 eV, 
and the maximum electron-beam current is up to 9 mA. Acting as a source of highly charged ions, 
the ion-beam optics for extraction is integrated, including an ion extractor and an Einzel lens. A 
Wien filter is then used to measure the charge-state distribution of the extracted ions. In this work, 
the tungsten ions below the charge state of 15 are produced, extracted, and analyzed. The charge-
state distributions and spectra in the range of 530–580 nm of tungsten ions are measured 
simultaneously with the electron-beam energy of 279 eV and 300 eV, which preliminarily indicates 
that the 549.9 nm line comes from W14+. 
I. INTRODUCTION  
An electron beam ion trap (EBIT) is a device that can produce and trap highly charged ions 
(HCIs).1,2 EBIT is capable of producing any possible charge-state ions of any element.3,4 
Furthermore, the tunability and quasi-monoenergeticity of its electron-beam have empowered the 
research of energy-dependence atomic processes of HCIs.5 Over the past several decades, EBIT has 
been used to study electron-impact excitation (IE),2 X-ray spectroscopy,6 dielectronic recombination 
(DR),7–11 radiative recombination (RR),11 and quantum electrodynamic effects.12–14 
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In early times, super EBITs were designed and operated with the electron-beam energy ranging 
from a few keV to 100 keV or higher.1,15–25 Most of the reported experiments at these times were 
intended to produce high-charge-state ions, i.e., Ba46+,2,26 Sc19+,6 I50+,7 and U86–92+.4,11 Afterwards, 
some new interests were raised on the spectroscopy of moderate-charge-state ions that could be 
found in both astrophysical and laboratory plasmas. For example, iron (Fe) and nickel (Ni) ions of 
the charge states around 10 are abundant in the corona.27 Tungsten (W) ions of the charge states 
below 30 are also expected in the edge or divertor area of the next-generation fusion device ITER.28 
The spectra of such ions are significant for diagnosing these plasmas.28–31 Hence several low-energy 
EBITs32–36 were developed, and several high-energy EBITs37–40 were operated at low-energy scales, 
in response to these needs. 
These experiments described above were conducted on the ions trapped in EBIT. However, an 
EBIT integrated with ion-extraction optics can operate as an efficient source of HCIs.41 Up to now, 
many mini-EBITs have been developed. The advantages of these mini-EBITs are that they are lower 
cost, easier to operate, and in particular, they can be used as portable HCIs sources,42–49 for the 
applications such as tumor ion therapy,5,50 ion implantation,5 ion lithography,5 precision 
spectroscopy,51,52 and especially, the new-generation atomic clocks53 based on HCIs proposed by 
Berengut et al. in 2010.54 The energy level structure of an HCI is insensitive to external perturbations 
because of the size of its electron cloud being more compact due to much stronger nuclear 
constraint.5 Therefore, HCIs that have appropriate clock transitions are ideal for optical atomic 
clocks with possible 10-19 or even smaller uncertainty level.55,56 Besides, some HCI clock transitions 
are very sensitive to the fine structure constant , which means that it is possible to test the time 
variation of  with smaller uncertainty.54,56 In 2001, Gruber et al. already injected Xe44+ ions into a 
cryogenic Penning trap57 and sympathetically cooled them down to below 1.1(2) K with laser-cooled 
Be+ ensemble for precision spectroscopy.51,52 In 2015, Schmöger et al. retrapped single Ar13+ ions 
extracted from Hyper-EBIT in a cryogenic linear Paul Trap58 and cooled them down to below 221(26) 
mK by sympathetic cooling with four laser-cooled Be+ ions.59,60 Sympathetic cooling of one Ar13+ 
ion by one Be+ ion was also demonstrated, which is the prerequisite for quantum logic 
spectroscopy61 of an optical atomic clock with a potential of reaching a 10-19 level of accuracy.60 
For the purposes of developing ultra-precise optical atomic clocks and searching for a variation 
of the fine structure constant, we report on a low-energy compact EBIT, named Shanghai-Wuhan 
EBIT (SW-EBIT), acting as an HCIs source. The SW-EBIT is the upgraded version of the SH-
HtscEBIT35 with the capability of ion extraction. The maximum electron beam energy of the SW-
EBIT is 4 keV that is capable of producing most proposed HCIs candidates for optical atomic clocks 
as in Refs. 62–64. The design of the SW-EBIT and the first operation results, including spectroscopy 
and ion extraction, are described in Secs. II and III. Some conclusions are given in Sec. IV. 
II. DESIGN 
A. Overview of the SW-EBIT 
The SW-EBIT consists of an electron gun, three-section drift tubes (DT1, DT2, DT3), an 
electron collector, an ion extractor, a magnetic shield, an Einzel lens, two high-temperature 
superconducting coils (magnetic coils), a liquid nitrogen (LN2) tank, and a main vacuum chamber, 
as shown in FIG. 1. The size of the SW-EBIT is 60 cm (height) × 35 cm (outer diameter), and the 
main vacuum chamber and LN2 tank are made of 304 stainless steel. The material of magnetic shield 
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is soft iron coated with nickel. The OFHC copper electrodes and the sapphire insulators provide an 
excellent performance of electrical insulation and thermal conduction. The lengths of DT1, DT2, 
and DT3 are 4 mm, 24 mm, and 4 mm respectively, and their inner diameters are 4 mm. There are 
four 20 mm×1 mm slits in DT2 for gas injection and spectroscopy measurement. An approximately 
0.21 T magnetic field in the center of DT2 is produced by a pair of high-temperature 
superconducting coils immersed in liquid nitrogen. The electron beam emitted from the cathode 
passes through the drift tubes and is collected by the electron collector. The electron collector is 
magnetically shielded in order to collect an electron beam effectively. When the gaseous sample is 
injected, ions are produced in DT2. These ions are radially trapped by the space-charge potential of 
the electron beam, and axially trapped by the electrostatic well formed by the biases of drift tubes. 
If necessary, the HCIs can be extracted by raising the potential of DT2 or by lowering the potential 
of DT3. When extracted, these HCIs are accelerated by the potential difference between DT3 and 
the electron collector but radially they are confined by the electron beam. They are then extracted 
immediately by a more negative potential on the ion extractor. Before being delivered to the next 
beamline from the top of the SW-EBIT, the HCI beam is focused by the Einzel lens in order to 
optimize the beam diameter and divergence angle.  
 
FIG. 1. Structure of the SW-EBIT. HCIs are produced and trapped in DT2. In 
the figure, LN2 tank stands for liquid nitrogen tank, and DT1–3 stand for drift 
tube 1–3 respectively. 
B. Magnetic field design and simulation 
The magnetic field of the SW-EBIT is produced by a pair of high-temperature superconducting 
coils immersed in liquid nitrogen. The distance between the two centers of the coils is 57.2 mm, and 
the size of a single coil is 62 mm (inner diameter) × 127 mm (outer diameter) × 18 mm (length). 
The magnetic field is simulated using the finite-element method software COMSOL Multiphysics.65 
Assuming that the coil current is 20A, the axial simulative magnetic flux density is shown in FIG. 
2(b). The magnetic flux density in the center of DT2 is approximately 0.21 T, and the magnetic field 
is asymmetric because of the influence of the soft iron magnetic shield. The magnetic field non-
uniformity along the axis of DT2 is approximately 8%. The electron collector is shielded by a soft 
iron magnetic shield with the minimum magnetic flux density below 11 G. 
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FIG. 2. Simulation of the electric field, magnetic field, and electron trajectories 
using COMSOL. (a) A typical axial electric field distribution of opened and 
closed traps, which contains the space-charge effect of the electron beam. (b) 
The axial magnetic flux density, the electron trajectories of the closed trap, and 
a sketch of the SW-EBIT. The current of the magnetic coils is 20 A and the 
electron-beam current is 4.5 mA. 
C. Simulation of electron trajectories 
The cathode of the electron gun is lanthanum hexaboride (LaB6) crystal (Kimball Physics ES-
423-E 90-300), with its emission surface being 0.3 mm in diameter. There is no magnetic shield 
outside the cathode. Thus, the cathode is exposed to the strong magnetic field. With the electrostatic 
field shown in FIG. 2(a) (the closed trap) and the magnetic field shown in FIG. 2(b), the electron 
trajectories of a 4.5 mA electron beam are simulated using COMSOL, as shown in FIG. 2(b). Before 
arriving at the electron collector, the electron beam diameter is 0.32 mm, which includes more than 
90% electrons along the path. The electron beam diverges quickly in the electron collector with the 
help of the magnetic shield and the repelling of the ion extractor. Finally, the electrons are collected 
by the electron collector. Our design mentioned above can minimize the necessary potential 
difference between the electron collector and the cathode, which can reduce the heating power of 
the electron collector. 
D. Simulation of ion trajectories 
The trajectories of 184W14+ ions are also simulated by COMSOL with the magnetic and electric 
fields shown in FIG. 2 (the opened trap). In SW-EBIT, for the 4.5 mA electron-beam current, the 
maximum radial trap depth for 184W14+ ions is approximately 168 eV, indicating that the real 
temperature should be below 2 MK. The 184W14+ ions with the temperature of 0.5 MK, 1 MK, and 
1.5 MK are released in a small cylinder (diameter: 0.6mm, length: 1 mm) in the center of DT2 with 
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the Maxwell-Boltzmann velocity distribution. The ions escaped from DT3 are accelerated by the 
potential difference between DT3 and the electron collector, and they fly toward the electron 
collector with a small diameter because of the radial confinement by the space-charge potential of 
the electron beam. Most of the ions are extracted by the more negative potential on the ion extractor 
once they have arrived at the electron collector. The Einzel lens is designed to focus the ion beam 
because the extracted ion beam diverges severely when passing a long distance. For the temperature 
of 1 MK, at a distance of 550 mm from the center of DT2 (the entrance of the Wien filter described 
in Sec. III.B), the ion beam diameter is 3.4 mm (FWHM) as shown in FIG. 3(b) and the divergence 
angle is 8.6 mrad (FWHM) as shown in FIG. 3(c). There is no significant difference of the simulated 
ion-beam diameter and divergence angle for the temperatures of 0.5 MK, 1 MK, and 1.5 MK, but 
the extraction ratio is smaller for higher temperatures because more ions hit on DT2 and the ion 
extractor, as shown in TABLE I.  
 
FIG. 3. Trajectory simulation of 184W14+ ions with the temperature of 1 MK. (a) 
The trajectories of 184W14+ ions. (b) The radial position distribution of 184W14+ 
ions at z = 550 mm. (c) A phase space plot and ion direction (𝜐𝑥 𝜐𝑧⁄ ) distribution 
of 184W14+ at z = 550 mm. 
 
TABLE I. The simulated ion-beam parameters of 0.5 MK, 1 MK, and 1.5 MK at z = 550 mm. 
Temperature (MK) 0.5 1 1.5 
Diameter (mm) 3.1 3.4 3.4 
Divergence angle (mrad) 8.3 8.6 9.2 
Extraction ratio 66% 50% 39% 
 
E. Pumping and gas-injection system 
The SW-EBIT’s main chamber is pumped from the bottom by a 300 L/s turbo molecular pump 
backed by an oil-free scroll pump. A one-stage ultra-high vacuum (UHV) differential system (gas 
chamber) is used to inject gaseous samples into the center of DT2, which is connected to a 90 L/s 
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turbo molecular pump backed by the same oil-free scroll pump. A UHV needle valve is used to 
adjust the injection rate to the gas chamber. Typically, the pressure of the gas chamber ranges from 
10-7 to 10-6 Torr when the gas is injected. A 27.5 cm long tube with 4 mm inner diameter (2 mm at 
the nozzle) is used to separate the gas and the main chamber, achieving 3–4 orders of magnitude 
pressure difference. Therefore, the pressure of the main chamber does not change significantly, 
when the gas-injection system is working. 
III. OPERATION AND MEASUREMENTS 
A. Overview of operation 
The volume of the liquid nitrogen tank is approximately five liters, and the liquid nitrogen 
consumption rate is approximately one liter per hour. With the help of low temperature, the vacuum 
of the main chamber is under 5×10-10 Torr. As shown in FIG. 4, the relationship between the 
electron-beam current, emitted from the cathode, and the extraction voltage is measured with the 
magnetic-coil current of 20 A. The curve does not satisfy the Child’s Law66, a proportional 
relationship between the emission current and the 3/2 power of the extraction voltage, which may 
reflect the fact that the cathode is underheated. A 9.29 mA maximum electron-beam current is 
obtained with 1100 V extraction voltage. As displayed in TABLE II, when the electron-beam energy 
is set to 30 eV, 74.1% of the 1.12 mA emitted electron beam is collected by the electron collector, 
while most of the remaining electrons hit the anode. With a more than 80 eV electron-beam energy, 
the collection ratio is higher than 98.5%.  
 
FIG. 4. A relationship between the electron-beam current, emitted from the 
cathode, and the extraction voltage (the voltage difference between the anode 
and the cathode). The maximum electron-beam current obtained with 1100 V 
extraction voltage is 9.29 mA.  
 
TABLE II. The collection ratio of the electron beam at different electron-beam energy. It is noted 
that the electron-beam currents are not at their maximum values when the electron-beam energies 
are 604 eV and 1546 eV.  
Electron-beam energy (eV) 30 60 80 150 604 1546 2500 
Emitted beam current (mA) 1.12 2.09 3.15 8.42 6.84 6.25 9.29 
Collected beam current (mA) 0.83 2.04 3.14 8.42 6.75 6.19 9.18 
Collection ratio (%) 74.1 97.6 99.7 100 98.7 99.0 98.8 
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B. HCIs extraction and charge-state distribution 
In order to obtain a tungsten HCI beam, the hexacarbonyl tungsten (W(CO)6) vapor is injected 
into the SW-EBIT, and the parameters set are similar to those used in the simulation in FIG. 2. On 
the pulse mode, a periodic pulse signal (pulse width: 100 μs) is amplified by a high voltage amplifier 
(Trek-2220) to raise the potential of DT2 within 10 μs rise time and to extract the tungsten HCIs 
produced and trapped in DT2. When the trap is opened, the potential of DT2 is 50 V higher than 
DT3 but lower than DT1, and thus the tungsten HCIs are extracted immediately and a pulsed HCIs 
bunch is obtained. When extracted, the ions of different charge states are separated by a commercial 
Wien filter43 and collected by a Faraday cup, as illustrated in FIG. 5. The ions with different charge 
states are accelerated by the same potential difference between DT2 and the entrance of the Wien 
filter, which results in different speeds. The ions with a specific speed 𝜐 = 𝐸 𝐵⁄  are balanced by 
the orthogonal uniform electric field E and magnetic field B, which can pass the Wien filter directly, 
while the others are deflected. In our case, with the 0.5 T magnetic field and 2 mm aperture of the 
Wien filter, the charge-state distribution of tungsten ions is measured by scanning the voltage of the 
Wien filter. By triggering a picoammeter (Keithley 6485) which is connected to the Faraday cup, 
within the 0.4 ms integration time, the peak of the ion-beam current pulse (the pulse FWHM: ~1 
ms) is measured. 
 
FIG. 5. Scheme for extracting and analyzing the HCI beam, and for measuring 
the spectra. The spectra are measured by an Andor Shamrock 303i spectrograph 
equipped with an Andor Newton 940 CCD from the slit of DT2.  
 
When the uncalibrated electron-beam energy is set to be 100 eV, the charge-state distribution 
at different extraction period is measured, as seen in FIG. 6. When the extraction period is set to be 
15 ms and 200 ms, the low charge-state tungsten ions are obtained. If the trap is kept opened, the 
peak of the CO+ ion can be resolved. When the extraction period is 200 ms, a small peak of W7+ ion 
arises in advance of the ionization energy of the ground state W6+ (122.01 eV67) caused by the 
indirect ionization mechanism.68 
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FIG. 6. Charge-state distributions of tungsten ions of 0 ms (the opened trap), 
15 ms, and 200 ms extraction periods with 100 eV uncalibrated electron-beam 
energy. When the trap is kept opened, a DC ion-beam current is obtained and 
measured by the picoammeter with 100 ms integration time. 
C. Preliminary test for line identification 
The 184W14+ ion was proposed as one of the candidate ions for optical atomic clocks.69,70 Here, 
the W14+ ions of natural isotopic composition are produced and extracted. The wavelength of the 
clock transition of 184W14+ is longer than 1000 nm.69,70 We failed this line measurement from the 
SW-EBIT, due to the intense infrared radiation of the hot cathode. There is a disagreement about the 
identification of the line at 549.9 nm (in the air). In 2015, Zhao et al. identified this line to be an M1 
transition between the ground state (4f13 5s2 2F) fine structure levels of W13+.71 Later in the same 
year, Kobayashi et al. identified this line to be the transition of W14+ based on a time-of-flight (TOF) 
measurement.72 Therefore, it is interesting to measure this line in the SW-EBIT with the Wien filter. 
The tungsten ions are produced by a 4.1 mA electron beam with the electron-beam energy of 
279(4) eV and 300(4) eV, and are extracted at every 0.5 s during the spectrum measurements. The 
electron-beam energy is corrected for the space-charge effect described in Ref.73. As shown in FIG. 
7, the spectra in the range of 530–580 nm and the charge-state distributions of the tungsten ions are 
measured. Comparing with FIG. 7(b), the intensity of the 549.9 nm line behaves consistently with 
the number of extracted W14+ ions, indicating that the line at 549.9 nm is most likely from W14+. 
However, the intensities of the lines from W12+ and W13+ ions in FIG. 7(a) seem not very consistent 
with the numbers of the corresponding extracted ions, implying that more work needs to be done 
before reaching a definitive conclusion. 
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FIG. 7. (a) Spectra in the range of 530–580 nm (in the air) of tungsten ions of 
279(4) eV and 300(4) eV electron-beam energies. The identifications refer to 
Ref. 72. (b) Charge-state distributions of tungsten ions of 279(4) eV and 300(4) 
eV electron-beam energies. The tungsten ions are extracted at every 0.5 s 
interval during spectrum measurements. 
IV. CONCLUSIONS 
The low-energy, compact and high-temperature superconducting EBIT, the SW-EBIT, has been 
designed, built, and tested. The lower limit of the electron-beam energy is 30 eV with the 74.1% 
collection ratio of the 1.12 mA emitted electron beam. For electron-beam energy higher than 80 eV, 
the 98.5% collection ratio is guaranteed with the electron-beam current up to 9.29 mA. The low 
charge state tungsten ions have been produced, extracted, and separated by the Wien filter with the 
nominal electron-beam energy of 100 eV, which has demonstrated the potential of the SW-EBIT for 
performing research of low-charge-state HCIs. The charge-state distributions and spectra in the 
range of 530–580 nm for tungsten ions have been measured simultaneously with the electron energy 
of 279(4) eV and 300(4) eV, which has preliminarily confirmed the 549.9 nm line belonging to W14+. 
These tests have shown that the SW-EBIT is capable of being a light source and an ion source of 
moderate-charge-state HCIs. 
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